There are indeed particular circumstances where purely horizontal accelerations are known to create such an illusory sensation of tilt. It happens when blindfolded subjects are subjected to prolonged centrifugation in a human centrifuge (Clark and Graybiel 1966; Guedry 1974) , or with aviators subjected to relatively long-duration linear acceleration (see eg Graybiel et al 1979; Benson 1990) , and there is one report (Glasauer 1995) in which tilt percepts are inferred from subjective settings of a visual vertical in darkness. In addition, there is a physiological parallel: horizontal linear acceleration has been reported to induce ocular torsion (Lichtenberg et al 1982; Paige and Tomko 1991; de Graaf et al 1995; Merfeld et al 1996) , a response which also happens when the head is tilted.
However, these are exceptional circumstances. Normally, even in the dark, we do not experience such tilt sensations during pure horizontal linear self-motion when seated upright, which means that we are able to distinguish the direction of gravity from a linear self-displacement. Apparently the vestibular system can somehow extract the gravity component from the sensed gravito-inertial force vector.
This has been explained as due to frequency filtering of the otolith afferents (see eg Mayne 1974; Glasauer and Merfeld 1997; Bos and Bles 1998; Mergner and Glasauer 1999) . Accordingly, the otolith response to horizontal linear acceleration is split into two channels. One channel consists of a low-pass frequency filter. Its output generates a correct percept of the vertical direction of gravity, the gravitational component in the gravito-inertial force vector being constant, ie of low frequency. Conversely, the other channel, presumably responsible for percepts of linear horizontal self-motion, can be conceptualised as a high-pass frequency filter, the output of which corresponds to the higher frequency components in the gravito-inertial force vector, which stem from horizontal linear self-acceleration. (1) Such an explanation is supported by reports according to which blindfolded labyrinthine-defective patients who are moved linearly and horizontally in total darkness do indeed experience tilt and cannot distinguish between horizontal linear acceleration and tilt, whereas subjects with intact peripheral vestibular organs can (Jongkees and Groen 1950; Guedry and Harris 1963) .
A close look at the exceptional circumstances in which normal healthy subjects experience illusory tilt percepts during horizontal linear accelerations in darkness, suggests that these percepts only occur during strong linear self-accelerations which last for a considerable time. This can be understood as a consequence of the abovementioned low-pass frequency filtering: A low-pass frequency filter does not act as an all-or-nothing switch, but only largely suppresses the amplitude of high-frequency input signals. Thus a certain amount of high-frequency input signals will always pass through the filter, and this will also be the case with the quite high frequencies that are normally associated with natural body movements.
On the other hand, this view seems to be contradicted by the absence of tilt sensations during such linear self-motion in darkness in the above-mentioned studies in which subjects are moved horizontally and linearly in total darkness. There are two possible explanations for this apparent contradiction. First, the low-amplitude output of the low-pass frequency filter, in response to the quite high frequencies of natural horizontal self-motion, could simply be too weak, ie it could remain below threshold. Second, sensitivity to this low-amplitude output could be suppressed cognitively: simply knowing that one moves only horizontally (passive or actively) could create a firm expectation that one is not (or will not be) tilted. This could raise the perceptual threshold for the low-amplitude output of the filter in response to short-lived deviations from (1) There are also models which explain tilt percepts in terms of interactions between the otoliths and the semicircular canals. However, these models are not relevant here, because they apply to situations where the canals are stimulated by real head tilts.
verticality of the gravito-inertial force vector. In total darkness, such an expectation could stem from the fact that one has seen the apparatus on which one is to be moved (eg a sled on a horizontal rail) prior to the experiment. One might even argue that such an expectation could further be boosted by additional cues about the linearity of self-motion, such as the sound or the vibrations produced by the motion device or even the air flow along the head as sensed during the self-motion.
Actually, the idea that expectation may influence percepts of self-motion is not new. The latency of vection (visually induced sensations of self-motion) is known to be affected by expectation (eg Henn et al 1980) and mental set has at least been assumed to affect both visual^vestibular influences on tilt percepts and tilt adaptation (eg Guedry 1974) . However, to our knowledge, the presence or absence of a solid expectation whether or not one is (to be) moved along a purely horizontal linear path has not been used as an independent variable in experiments on otolith functioning.
It is our purpose in the present paper to clarify this issue by testing the hypothesis that a prior cognition of how one is moved affects one's sensitivity for low-amplitude outputs of the otolith low-pass frequency filter öie one's sensitivity for tilt percepts during passive horizontal linear self-motion.
Thus, we moved blindfolded subjects on a horizontal linear track sled with low sinusoidal accelerations with frequencies within the range of natural head movements, and we predicted more reports of tilt percepts with subjects who had absolutely no idea how they were (going to be) moved, than with subjects who had seen the sled and its horizontal rail prior to the experiment, and who experienced sound, vibration, and air-flow cues during their self-motion.
Method
Eighteen paid volunteer subjects (aged 20^30 years) participated in this experiment. The only information they were given beforehand was that they would participate in an experiment about self-motion perception. None of them had ever visited the institute before and they were all completely unaware of the existence of the linear acceleration sled (or of any other moving device in the laboratory). They were given instructions in a room adjacent to the experimental room. All doors to motion laboratories were closed and all posters and photographs related to motion devices were taken away from the walls of the institute. After a short introduction the subjects were blindfolded, led to the experimental room, and helped onto the seat of the horizontal linear acceleration sled.
The sled could be moved sinusoidally on small plastic-coated wheels along a linear track (rails) with a maximum displacement of 3.20 m (for technical details of the sled see Soons et al 1981) . While the subjects were seated on the sled (with their legs crossed), care was taken not to provide any cues as to the existence of the rails by covering them with a thick sheet of foam rubber. The subjects were then firmly strapped to the seat with a five-point seat-belt. Small earphones, placed inside soundbarring earmuffs, were put over the subject's ears. White noise, shaped specifically to mask the sounds made by the sled, was presented in the earphones, effectively blocking all outside auditory information during sled motion. A microphone attached to the earmuffs allowed communication with the experimenter.
Subjects were seated upright, facing the front end of the rail, with the head comfortably supported in a fixed position by a vacuum cushion (they were told not to attempt any head movements during experimentation). To prevent air flow around the subject during sled motion, a black cloth was fastened to a metal frame, creating a tent-like structure all around the subject. A vibration device, attached to the seat, effectively masked possible tactile cues from the wheels of the sled.
Prior to the experiment, the subjects were given only the following information: They were going to be seated in some kind of fun-fair attraction, which might make any movement one could imagine. No specifics were provided and examples of possible motion paths were not given. Of course, the possibility of tilt was not mentioned either.
They were also told that there would be short intervals during which the noise in the earphones would be turned off. Each time this happened the subjects would be asked (through the earphones) to describe as accurately as possible the kind of movements they had experienced during the prior period of earphone noise. They were told to include percepts of stationarity if experienced.
Four sinusoidal sled motion profiles were used. Each profile consisted of five periods of forward and backward motion (see table 1 ). The profiles were chosen such that a large range of peak-to-peak displacements was utilised. However, because of hardware problems, this implied that the available frequency range of the sled had to be limited to approximately 0.15 Hz. The resulting maximum linear acceleration levels were approximately 5^10 times the threshold for perceiving linear motion (Gianna et al 1996) and were representative of the accelerations used in other studies of linear selfmotion (eg Israe« l et al 1997).
Ten subjects received, in random order, these four profiles plus a stationary control condition in which the sled did not move. With the eight other subjects, a Latin square design was used without the stationary control condition. Since the end and starting positions of the sled were not always the same, the sled had to be repositioned between profiles, which was done with a constant 10 cm s À1 velocity. To ensure that our method would not create artifactual results, we also asked subjects who reported mainly horizontal linear self-motion to estimate their selfdisplacement amplitude. The results should be compatible with those from the literature: self-displacement being somewhat overestimated at self-velocities below walking speed and underestimated at higher self-velocities (Mittelstaedt and Glasauer 1991) .
Before starting a profile, the experimenter switched on the earphone noise and the vibration device. After finishing a profile (five periods), when the sled had stopped moving, noise and vibration were turned off and the subject was asked to report. When necessary, the experimenter asked for clarification. Subjects who reported percepts of horizontal motion without tilt were asked to estimate their peak-to-peak displacement if possible. All communication between subject and experimenter was recorded on-line with a tape recorder. After finishing the experiment, subjects took off their blindfolds and saw the sled motion device for the first time.
The results of this experiment were compared with data obtained in a separate control study in which eight different subjects (aged 20^47 years) were sinusoidally moved on the sled for a continuous period of 30 min. Just as in the present study, they were moved blindfolded. However, in this control study we did not prevent the subjects from obtaining prior knowledge of how they were going to be moved: they saw the sled before they were seated, and sound, vibrations, and air flow were not masked. Six subjects were moved at a maximum acceleration of 0.2g and with a frequency of 0.17 Hz; the other two subjects were moved according to profile C of table 1. The subjects were explicitly told that they might experience illusory tilt percepts, and were instructed to report on them (no distance estimates were made). The subjects were paid for their participation and the experiments were approved by the ethics committee of TNO. All subjects gave their informed consent in writing.
Results

Tilt perceptions
The responses of the eighteen na|« ve subjects could roughly be divided into five categories: (i) Linear horizontal motion only, in purely forward and backward directions (HOR); (ii) Linear horizontal motion in forward and backward motion combined with tilt sensations in the forward/backward^vertical plane (XÀZ plane) at the turning points (HORTILT); (iii) Moving to and fro along a`hill-top-like' curved path in the XÀZ plane (HILL); (iv) Angular swing-like sensation in the XÀZ plane (SWING); (v) Moving linearly along a tilted path in the XÀZ plane, either upwards or downwards (SLOPE). Note that all response categories apart from category (i) can be characterised as including illusory percepts of tilt. Percepts belonging to category (v) (SLOPE percepts) could not be interpreted as HOR percepts with just a vertical deviation because, whenever SLOPE was perceived, a difference in slope between backward and forward motion was always reported: most often downward in forward direction and upward in backward direction (usually the former was also experienced as stronger than the latter). In some cases a slope was only perceived during forward motion, the backward motion path being perceived as horizontal.
Only one subject reported experiencing motion outside the XÀZ plane, describing it as motion slanting to the left and right. Since the other subjects all reported motion within the XÀZ plane, we felt unsure about the reliability of this subject's data and excluded them from analysis. The results of the remaining seventeen subjects are summarised in table 2 and figure 1. None of the ten subjects who were given the stationary control condition reported it to yield any motion sensation.
As can be seen from table 2, 31 of the 68 reports included illusory percepts of tilt within the five motion periods of the four motion profile conditions. This stands in sharp contrast to the separate control experiment in which the subjects knew that they were exposed to (similar) sinusoidal motions on the sled for a continuous period of 30 min. Even though they had been alerted to the possibility that they might experience tilt, here all eight subjects reported only purely linear horizontal to-and-fro motion during their first five motion periods. Tilt percepts began to occur only after a very long time. They did not happen until after 53 sinusoids in the earliest case and 250 sinusoids in the latest case. a These responses refer to a subject who scored HILL during forward motion and SWING during backward motion.
Displacement estimates
As mentioned before, to check for methodological artifacts that might preclude comparisons between the main study and related studies in the literature, we included displacement estimates in the main study (only with subjects who mainly reported HOR percepts without tilt, because tilt percepts never occur in those other studies either). In most cases, these subjects were indeed able to make an estimate of their displacement amplitude. A few subjects occasionally perceived a difference between forward and backward displacement amplitude (forward displacement being most often perceived as larger than backward displacement). For these subjects the average of the forward and the backward displacement estimates was taken as their estimate. One subject who reported HOR motion in all conditions of the main study never noticed that he was moving to and fro, and reported only forward motion with profiles A, B, and D, and backward motion with profile C. Although this was, in itself, quite interesting, the displacement-amplitude data from this subject had to be excluded from analysis. They were too extreme (varying between 100 and 400 m) in comparison with the estimates of the other subjects.
The displacement amplitude estimates from subjects who reported HOR motion within at least three of the four profiles are presented in figure 2 as a function of profile (ordered along the x-axis in terms of their maximum sled velocityösee table 1).
With the lowest sled velocity (0.4 m s À1 ), mean estimated peak-to-peak displacement was overestimated, it being higher than the actual displacement of 0.8 m (meanö1.63 m; sdö0.54; t-testöp 5 0X05), whereas with the highest sled velocity (1.6 m s À1 ) mean estimated peak-to-peak displacement was underestimated, it being smaller than the actual displacement of 3.2 m (meanö2.48; sdö0.87; t-test öp 5 0X05). Inbetween these two sled-velocity extremes, mean estimated and real peak-to-peak displacements did not differ significantly.
Discussion
This experiment shows that all but one of the eighteen subjects, who had absolutely no prior knowledge of how they were (going to be) moved, reported to have experienced linear self-motion in the XÀZ plane when they were moved sinusoidally and horizontally with accelerations ranging between 0.04g and 0.16g. However, approximately half Results from each of the four motion profiles in the main study (n 17) and from the two motion profiles taken together in the control study during its first five motion cycles (n 8).
Black columns: percentage of subjects reporting percepts of purely horizontal (HOR) self-motion. White columns: percentage of subjects reporting percepts that included tilt (HORTILT, HILL, SWING, and SLOPE responses taken together).
of the subjects reported tilt percepts as well and did so almost immediately (within five periods). In the separate control study, in which prior knowledge of the motion was present, such tilt percepts never happened within the first five motion periods, even though the subjects were informed that tilt percepts might arise. Here tilt percepts only began to appear after prolonged oscillation (53^250 periods). The current findings cannot be taken as due to some methodological or procedural artifact, because the linear horizontal displacement estimates are in line with what is found in the literature: the average peak-to-peak displacement estimates of those subjects who reported mainly pure horizontal motion sensations depended on the (maximum) velocity of their self-motion. This agrees with the report of Mittelstaedt and Glasauer (1991) , according to which blindfolded passively moved subjects overestimate their displacement when self-motion is below normal walking speed, and underestimate their displacement when self-motion is higher.
Thus we conclude that the absence of a clear expectation about how one is moved can reveal the presence of an otolith response to even quite small and short-lived changes in the direction of the gravito-inertial force vector. Sled motion profiles such as used in the current experiment are often used in our laboratory or elsewhere (eg Mittelstaedt and Glasauer 1991; Israe« l et al 1993 Israe« l et al , 1997 Grasso et al 1999) , but always with subjects who had prior knowledge of the constraints of the motion device. In none of these experiments have tilt illusions ever been reported. The present data show that this is not due to an absence of otolith sensitivity to short-lived changes in the direction of the gravito-inertial force vector, but to the suppressions of such otolith afferents by cognitive expectations.
Another quite interesting finding was that two of our subjects (11% of our sample population) had very curious percepts of self-motion. In one case the subject thought that self-motion was only in the forward direction and did not sense the reversal of direction at the endpoints of the sinusoidal sled motions. The other subject experienced deviations from the straight path and believed the path to be curved. This seems to illustrate that the otolith response to linear accelerations is not entirely unambiguous, which has been claimed by others as well (see eg Malcolm and Melville-Jones 1974) . One might speculate that the increase in sensitivity to short-lived changes of the direction of the gravito-inertial force vector in the absence of clear expectations, as Figure 2 . Peak-to-peak displacement estimates (dots) of those subjects who reported HOR percepts in at least three of the four motion profiles, as a function of the maximum velocity of each of the motion profiles (see table 1 ). Dotted linesögroup mean estimated peak-to-peak displacement amplitudes; solid linesöreal peak-to-peak displacement amplitudes of the sled (see table 1 ).
observed in the present study, actually reflects an enhanced sensitivity to any kind of noise in the system. Such reasoning would suggest that the basic function of the cognitive influence on self-motion is to suppress intrinsic neural noise within vestibular reactivity. As a byproduct, this then also causes the suppression of illusory tilt percepts during natural horizontal linear self-motion.
In conclusion, the present finding has obvious methodological implications for future research on otolith contributions to percepts of self-motion: one should be careful to control for cognitive expectations as to how subjects believe they are (going to be) moved. It remains to be seen whether or to what extent such expectations have affected the generally observed phenomenon (eg Mittelstaedt and Glasauer 1991; Berthoz et al 1995; Israe« l et al 1997; Grasso et al 1999) that passive horizontal linear self-motion amplitudes can be perceived more or less correctly.
